Abstract-While it is well established that exercise can improve cognitive performance, it is unclear how long these benefits endure after exercise has ended. Accordingly, the effects of voluntary exercise on cognitive function and brainderived neurotrophic factor (BDNF) protein levels, a major player in the mechanisms governing the dynamics of memory formation and storage, were assessed immediately after a 3-week running period, or after a 1-week or 2-week delay following the exercise period. All exercised mice showed improved performance on the radial arm water maze relative to sedentary animals. Unexpectedly, fastest acquisition (fewest errors and shortest latency) occurred in animals trained following a 1-week delay, while best memory performance in the probe trial was observed in those trained immediately after the exercise period. Assessment of the time course of hippocampal BDNF availability following exercise revealed significant elevations of BDNF immediately after the exercise period (186% of sedentary levels) and at 1 and 2 weeks after exercise ended, with levels returning to baseline by 3-4 weeks. BDNF protein levels showed a positive correlation with cognitive improvement in radial water maze training and with memory performance on day 4, supporting the idea that BDNF availability contributes to the time-dependent cognitive benefits of exercise revealed in this study. Overall, this novel approach assessing the temporal endurance of cognitive and biochemical effects of exercise unveils new concepts in the exercise-learning field, and reveals that beneficial effects of exercise on brain plasticity continue to evolve even after exercise has ended. Published by Elsevier Ltd on behalf of IBRO.
Human and animal studies demonstrate that exercise participation is a powerful behavioral intervention to improve cognitive function and brain health. In particular, human studies have demonstrated robust effects of exercise in the aged population, where higher physical activity is associated with improved cognitive scores on multiple aspects of cognition including executive function (Yaffe et al., 2001; Colcombe et al., 2004; Weuve et al., 2004) , as well as with reduced incidence of dementia (Abbott et al., 2004; Larson et al., 2006) , attenuation of age-related loss of brain perfusion, reduced agedependent brain atrophy (Rogers et al., 1990; , and even with increased brain volume in select cortical regions (Erickson and Kramer, 2008) . Consistent with research in humans, rodent studies demonstrate that exercise can facilitate acquisition and/or retention in various hippocampal-dependent tasks including the Morris water maze (Vaynman et al., 2004; van Praag et al., 2005) , radial arm maze (Schweitzer et al., 2006) , radial arm water maze (Nichol et al., 2007; Khabour et al., 2008) , passive avoidance (Radak et al., 2006) , active avoidance (Greenwood et al., 2007) , and object recognition (O'Callaghan et al., 2007) . Not all studies have consistently demonstrated improvements in both acquisition and retention, suggesting that exercise effects on different aspects of cognition may depend on factors such as the duration of exercise exposure, type of exercise undertaken (e.g. forced vs. voluntary), task difficulty, or other variables that have not yet been defined.
While it is well established that exercise can improve acquisition and/or retention of a cognitive task, it is unclear how long these benefits endure after exercise has ended. One study has demonstrated that beneficial effects of exercise on memory (passive avoidance task) are reversible, and are lost by 6 weeks after exercise participation has ended (detraining) (Radak et al., 2006) . However, a more defined timecourse of exercise benefits with detraining has not been examined. It will be important to determine when cognitive benefits are most robust relative to the exercise period, and if the recency of exercise participation differentially modulates various aspects of cognitive performance (e.g., acquisition/consolidation vs. retention/recall). The current study will address these questions.
In addition to confirming exercise-induced benefits on cognitive function, animal studies have provided much insight to effects of exercise on brain health and function on a biological level. Exercise has multi-dimensional effects on brain function, including activating brain plasticity mechanisms, increasing neurogenesis and vascularization (Black et al., 1990; van Praag et al., 2005; Ding et al., 2006c) , building synaptic structure (Farmer et al., 2004; Eadie et al., 2005; Vaynman et al., 2006) , increasing brain metabolic capacity, and augmenting antioxidant defenses. For example, exercise induces enzymes in the Krebs cycle, increases availability of the electron transport chain components, and upregulates ATP synthesis in the brain (Ding et al., 2006b; Cui et al., 2007; Kirchner et al., 2008; Opii et al., 2008) .
One of the net effects of exercise is to prime the molecular mechanisms responsible for encoding (van Praag et al., 1999; Farmer et al., 2004; O'Callaghan et al., 2007) , resulting in a lowered threshold for acquisition and facilitating other aspects of synaptic plasticity. Correspondingly, a number of plasticity-related molecules are induced in the hippocampus in response to exercise, including intracellular kinase signaling systems (calcium/calmodulin kinase II (CaMK II), mitogen-activated protein (MAP) kinase I and II (MAPKI and MAPKII)), transcription factors (cAMP response element-binding protein (CREB)), neurotransmitter systems that mediate synaptic excitability (glutamatergic and GABAergic signaling), plasticity-related growth factors (brain-derived neurotrophic factor (BDNF)), and synaptic vesicle trafficking molecules (syntaxin, synaptotagmin, synapsin I) Molteni et al., 2002) . Interestingly, recent data investigating exercise-dependent regulation of plasticity-related molecules has revealed different temporal patterns of induction of genes and signaling pathways (Molteni et al., 2002; Shen et al., 2001) . For example, Ser-133 phosphorylation and activation of CREB in the hippocampus by exercise is rapid (already after 1 day of wheel running) while p42 and p44 activation of mitogen activated protein kinase (MAPK) signaling is delayed relative to CREB, but remains detectable longer, even after 1 month of exercise. The temporal dependence for induction of the various signaling systems and genes by exercise likely has implications for brain function, and for the relative benefits gained from shortterm or sustained exercise intervention.
BDNF in particular is emerging as a central player in hippocampal plasticity, and is thought to be a key molecule mediating benefits of exercise on cognition (for reviews, see Cotman and Berchtold, 2002; Cotman et al., 2007) . BDNF gene and protein expression are rapidly upregulated in response to exercise, within a few days of exercise onset, with robust and sustained increases most apparent in the hippocampus (Cotman and Berchtold, 2002) . The importance of BDNF signaling in exercise-dependent improvements in cognitive performance has been demonstrated by use of blocking antibodies to tyrosine kinase B receptor (TrkB), the receptor for BDNF. Specifically, intrahippocampal injection of an anti-TrkB antibody to block BDNF signaling attenuates beneficial effects of exercise on hippocampal-dependent learning, blocking improvements in both acquisition and retention of a spatial learning task (Vaynman et al., 2004) . In addition, blocking BDNF signaling with anti-TrkB attenuates the induction of synaptic proteins (synaptophysin, synapsin) in the hippocampus in response to exercise (Vaynman et al., 2006) , indicating that BDNF signaling likely initiates a cascade of downstream events that are important in mediating the effects of exercise on cognitive function.
In this study, we investigate whether exercise-induced benefits to cognitive function on a hippocampal-dependent task endure for some time after exercise has ended, and whether benefits to task performance may be related to the availability of BDNF protein in the hippocampus. Thus, we assessed effects of voluntary exercise on acquisition and retention using the radial arm water maze (RWM), and investigated if the effects of exercise on cognitive performance were altered by the introduction of a 1 or 2 week delay period between the end of exercise and behavioral testing. The RWM is a hybrid of the dry radial arm maze and the Morris water maze and tests reference memory, as mice need to learn the fixed location of an escape platform based on extramaze spatial cues. In parallel with behavioral measures, hippocampal BDNF protein levels were assessed to evaluate the timecourse of stability of exercise-induced BDNF after exercise has ended, and to assess the relationship between BDNF level and cognitive task performance.
EXPERIMENTAL PROCEDURES Animals
Young adult male C57bl/6 mice (Jackson Labs), 2 months of age at experiment onset, were individually housed with ad libitum access to food and water, in a 12-h light/dark vivarium. Each cage of the exercising animals was individually equipped with a running wheel (Minimitter, OR, USA) that occupied roughly half of the cage. Running activity was voluntary and the nightly distance run was monitored by computer software (VitalView, Minimtter Co., OR, USA). All exercising animals had access to running wheels for 3 weeks. For two groups of exercised animals, wheels were removed at the end of the 3-week period, and animals underwent subsequent cognitive training or assessment of BDNF levels at 1-week (EX/delay-1) and 2 weeks (EX/delay-2) following the end of exercise. For animals that underwent cognitive training immediately at the end of the 3 week exercise period (EX group), running wheels were left in the cages during the 3 days of cognitive training in order to avoid introducing potential stress due to an altered home cage environment. Sedentary animals were housed in standard cages with no running wheels. Initially, when mice first have access to running wheels, they run approximately 1-2 km per night, and progressively increase their running distance to an average of 3-5 km per night by about the 5 th night of running, and maintain this level of activity on subsequent nights. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) for the University of California at Irvine, CA, USA, and were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the suffering and the number of animals used.
Radial arm water maze
The RWM is a hybrid of the Morris water maze and the radial arm maze, with the advantage that no food deprivation needs to be introduced, as immersion in water provides motivation to learn the cognitive task. An added benefit is that errors can be scored, as in the radial arm maze, rather than relying solely on latency to escape, or proximity to the escape platform. The RWM task took place in a circular water tank (1 m diameter), and consisted of six arms of transparent plexiglass (10 cm wide, 33 cm long, 15 cm high) that radiated outward from a central region at an angle of 60 degrees between arms, following the design of the Morgan laboratory (College of Medicine, Tampa Florida) (Alamed et al., 2006) and as used previously (Nichol et al., 2009) . Water (at room temperature, ϳ23°C), made opaque with a non-toxic powdered paint, was filled to a depth of 9 cm such that the mice were prevented from touching the floor of the pool, and the maze arms extended 6 cm above the water, preventing the mice from escaping onto the edges of the maze arms. A hidden plexiglass escape platform (10 cm wide, 8 cm long, 8 cm high), was located at the end of one of the maze arms, submerged ϳ1 cm below the surface of the water, and remained in this fixed location throughout all training trials for a given mouse. Locations of the escape platform were balanced across groups, using four different escape arms. At the start of a trial, the mouse was placed at the end of one of the arms facing the wall and was allowed 60 s to explore the maze arms and locate the platform. If the mouse did not find the platform within 60 s, it was guided to the correct arm and onto the platform. The mouse remained on the platform for 20 s to get spatial bearing relative to the room cues. Spatial cues of different sizes and patterns were affixed to each of the testing room walls to provide ample spatial information for the animals to learn the escape platform location. After each trial, each mouse was lightly towel dried and returned to its home cage, which was placed on a heating pad to prevent hypothermia. Four groups of animals were tested: sedentary (SED; nϭ15), Exercise (EX; nϭ13), Exerciseϩ1-week delay (EX/Delay-1; nϭ8), Exerciseϩ2 weeks delay (EX/Delay-2; nϭ7). Each animal underwent 10 trials/ day in blocks of five trials, for 3 days. The start location varied across the five trials, using each arm (with the exception of the target arm) once, in random order. The order of the start arms was different each day. Animals were tested in sets of four, with an intertrial interval of approximately 5 min. The interblock interval was approximately 2-3 h. All behavioral testing took place between 8 AM-3 PM. Animals were trained in the same order each day, such that behavioral testing occurred at similar times across days for a given animal. Data recorded from the training trials were errors (the number of arm entries before finding the platform), latency to find the escape platform, and failures (trials where the platform was not located within 60 s). On the 4 th day, a 60-second probe trial was given in the absence of an escape platform to test memory for the platform location. The probe trial was videorecorded and analyzed for duration of time spend searching in each arm.
BDNF protein
Hippocampal BDNF protein levels after exercise, and the timecourse of protein decay at 1, 2, 3 and 4 weeks after the end of exercise, were assessed in separate groups of mice from those that underwent cognitive testing. Separate groups of mice was used so that BDNF protein levels at the beginning of behavioral testing could be established without confounding effects on BDNF levels by the behavioral testing itself. Group sizes were as follows: SED (nϭ27), EX (nϭ17), EX/Delay-1 (nϭ6), EX/Delay-2 (nϭ5), EX/Delay-3 (nϭ6), EX/Delay-4 (nϭ5). Animals were sacrificed by decapitation between 8 -10 AM, with animals across all groups sacrificed in a given session. Brains were rapidly removed, hippocampi dissected, and frozen on dry ice. Tissue was stored at Ϫ70°C until processing for protein using the E-Max ELISA kit (Promega, WI, USA) as described previously (Berchtold et al., 2005) . Briefly, tissue was homogenized in lysis buffer (18 l/mg tissue) containing 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1% NP40, 10% glycerol, and a cocktail of proteinase inhibitors (complete mini EDTA-free proteinase inhibitors, Roche, 1 tablet/10 ml). Homogenized samples were diluted in two volumes DPBS buffer (0.2 g KCl, 8.0 g NaCl, 0.2 g KH 2 PO4, 1.15 g NA 2 HPO 4 , 654 l 1 M MgCl 2 , 905 l 1 M CaCl 2 ) and centrifuged for 3 min at 14,000 rpm at 4°C. Supernatant was collected and a bicinchoninic acid (BCA) assay run to determine protein concentrations, according to manufacturer's recommendations (Pierce Chemical, Rockford, IL, USA). Protein concentrations were adjusted to 2 g/l with lysis buffer, followed by dilution to 1.5 g/l with block and sample buffer (B&S buffer, supplied with ELISA kit). Before samples were loaded, 96-well flat-bottomed Immulon-2 plates (DYNEX Technologies, Chantilly, VA, USA) were incubated overnight at 4°C with carbonate-coating buffer containing anti-BDNF monoclonal antibody. Samples were diluted 1:2 in B&S buffer, loaded onto the plate (100 l/well) and incubated for 2 h at room temperature with shaking. A standard curve was established using serial dilutions of known amounts of BDNF ranging from 0 to 500 pg/ml, diluted in B&S buffer. Plates were washed 5ϫ with TBST (20 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20), followed by incubation with anti-human BDNF polyclonal antibody, five washes with TBST, and 1 h incubation with horseradish peroxidase. Enzyme solution (1:1 TMB and peroxidase substrate) was prepared 1 h in advance and subsequently incubated on the plate for 10 min. After the samples turned blue, the reaction was stopped with phosphoric acid and absorbance was read at 450 nm using a plate reader. The R-value for the standard curve was consistently Ն0.99. All sample values were in the linear range of the standard curve, with values from sedentary animals falling in the range of 25-45 pg/ml (ϳ3.46Ϯ0.9 ng/mg tissue). Samples were run in triplicate and BDNF standards in duplicate on 96 well plates, with 27 samples run on a given plate. Because not all 45 samples could be run on one plate, each plate was run with standards and sedentary samples serving as internal plate controls. Data obtained from each plate were normalized to the sedentary samples run on the given plate, and data expressed as percentage of sedentary were combined across plates.
Data analysis
Errors and latency to find the platform were averaged across the five trials/block and were analyzed using repeated measures ANOVA across all six training blocks, and by 1-way ANOVA for each training block or day across groups, followed by Fisher test for post hoc analysis. Failures were assessed only on day 1 (blocks 1 and 2), using 1 way ANOVA across groups. For the probe trial, time spent in the distal two-thirds of each arm was recorded. Values for time spent in the two arms adjacent to the target arm, or the two diagonal arms, were averaged. Percentage time in each arm (target, adjacent, diagonal, opposite) was calculated as the ratio of "time in arm" divided by "time spent in all arms." Probe trial data were analyzed by repeated measures ANOVA across arms, and by 1-way ANOVA for the target arm followed by Fisher test for post hoc analysis. BDNF protein values were obtained in triplicate for each sample, and triplicates were averaged to obtain one value per sample. Data were normalized relative to sedentary controls and analyzed by one-way ANOVA, followed by Fisher test for post hoc analysis (Statview 5.0.1). To assess potential relationships between BDNF protein and cognitive performance, group average values for BDNF protein were plotted versus (1) the change in errors over days (day 1 minus day 3 errors), (2) the change in errors over blocks (block 1 minus block 6 errors), and (3) the percentage time spent in the target arm in the probe trial on day 4. BDNF protein values were used as the independent variable, predicting cognitive performance. Because a relationship between BDNF protein and performance would not necessarily be expected to be linear, particularly as BDNF levels become elevated, log and polynomial regression lines were fitted to the data points, and were tested for significance using F-tests.
RESULTS

RWM
To determine if exercise influenced the acquisition of the RWM task relative to sedentary animals, and to determine if the effects of exercise were altered by the introduction of a delay period between the end of exercise and cognitive training on the RWM task, latency to reach the platform location and errors committed during acquisition were compared across treatment groups. In addition, a probe trial was conducted at the end of training to evaluate the strength of the memory for the platform location, and to evaluate how this was modulated by exercise experience.
Shortest latency to platform seen in animals with a 1 or 2 week delay between exercise and cognitive testing All groups learned the task, as evidenced by consecutively shorter latencies across days (repeated measures ANOVA across days 1-3 (F(3,2)ϭ149.53, PϽ0.0001)) (Fig. 1) . Repeated measures ANOVA across days 1-3 indicated a significant effect of group (F(3,39)ϭ4.016, Pϭ0.0139), with post-hoc analysis revealing significant differences between animals that underwent cognitive training after 1 week delay (EX/delay-1) versus SED (PϽ.0025) and versus EX (Pϭ0.0318). Analysis of latency by day (Fig. 1A) revealed a significant group effect on day 1 (F(3,84)ϭ3.043, Pϭ0.033), day 2 (F(3,84)ϭ5.036, Pϭ0.003), and day 3 (F(3,84)ϭ3.298, Pϭ0.024). Post hoc analysis revealed significant differences between SED and EX/delay-1 animals on day 1 (Pϭ0.005), day 2 (Pϭ0.005), and day 3 (Pϭ0.048) and between SED and EX/delay-2 animals on day 3 (Pϭ0.05). In addition, there were significant differences between EX and EX/delay-1 animals on day 1 (Pϭ0.033) and day 2 (Pϭ0.007), but not on day 3 (Fig. 1A) .
Repeated measures analysis of latency by block revealed a significant effect of group (repeated measures ANOVA across blocks 1-6: (F(3,39)ϭ4.016, Pϭ0.0139)), with post-hoc analysis revealing significantly shorter latency in EX/delay-1 (Pϭ0.0001) and EX/delay-2 (Pϭ 0.043) relative to sedentary controls. EX/delay-1 animals also showed significantly shorter latencies across trials relative to EX (Pϭ0.006). Analysis of latency by block revealed no differences between SED and EX (Fig. 1B) . In contrast, post-hoc analysis revealed that EX/delay-1 animals had significantly shorter latencies than SED animals already on day 1 (block 1, Pϭ0.05; block 2, Pϭ0.007), maintained significantly shorter latencies versus SED throughout training on day 2 (block 3, Pϭ0.008; block 4, Pϭ0.028), and showed a trend for significant shorter latencies versus SED on day 3 (block 5, Pϭ0.069; block 6, Pϭ0.085) (Fig. 1C) . EX/Delay-1 animals also had shorter latencies than EX animals on block 2 (Pϭ0.002), block 3 (Pϭ0.028), and block 4 (Pϭ0.018). EX/delay-2 animals showed significantly shorter latency than SED animals only on block 6 (Pϭ0.042) (Fig. 1C) and no significant differences from EX animals.
Overall, animals that were trained on the cognitive task 1 or 2 weeks after exercising showed the shortest latency to the platform across training blocks, an effect that was particularly notable in the 1-week delay group.
Fewest errors in exercising animals
Repeated measures ANOVA across days revealed that all groups showed a significant decrease in errors across days, indicating that all groups learned the task (F(3,2)ϭ 63.374, PϽ0.0001), with a significant interaction between groups across days (F(3,6)ϭ2.337, Pϭ0.039). Analysis of errors by day (two blocks/day) revealed that there were significant differences in error rates among the groups which were apparent already on day 2 (F(3,84)ϭ3.316, Pϭ0.023) and remained present on day 3 (F(3,84)ϭ3.316, Pϭ0.02). Post hoc analysis identified significantly fewer errors on day 2 in EX/delay-1 versus SED (Pϭ0.004), EX/delay-1 versus EX (Pϭ0.008), and EX/delay-1 versus EX/Delay-2 (Pϭ0.023) groups (Fig. 1D) . In addition, post hoc analysis revealed that all exercise groups committed significantly fewer errors than SED animals on day 3 (SED vs. EX, Pϭ0.009; SED vs. EX/Delay-1, Pϭ0.013; SED vs. EX/Delay-2, Pϭ0.04) (Fig. 1D) . Post-hoc analysis of errors by block additionally showed significantly fewer errors by EX/Delay-1 animals relative to EX animals on block 3 (Pϭ0.046) and a trend for decreased errors on block 4 (Pϭ.069), fewer errors in Ex/Delay-1 relative to SED animals on block 3 (Pϭ0.064), block 4 (Pϭ0.043) and block 6 (Pϭ0.038), and fewer errors in Ex/Delay-1 animals relative to EX/Delay-2 animals on block 3 (Pϭ0.046). All exercising groups committed significantly fewer errors than SED animals on block 6 (SED vs. EX, Pϭ0.011; SED vs. EX/Delay-1, Pϭ0.043; SED vs. EX/Delay-2, Pϭ0.05) (Fig. 1E, F) .
Interestingly, post-hoc analysis of errors by block revealed a non-significant trend for more errors on block 1 in EX animals compared to SED (Pϭ0.078), but this performance trend was reversed by block 6, where EX animals committed significantly fewer errors than SED animals (Pϭ0.01), indicating better performance in EX animals by the end of training (Fig. 1E ). Detailed analysis of the differences between EX and SED animals on block 1 revealed that the greater number of errors by the exercise group on block 1 was attributable to a fundamentally different response of EX and SED animals to the novel experience of the water maze. Specifically, while EX animals vigorously explored the maze and entered many arms searching for a possible escape, SED animals tended to "freeze" and swim in circles in the center of the maze without making a decision to enter the maze arms. Notably, analysis of the "failure" rate (failure to locate the escape platform in a 60 s trial) revealed that SED animals had significantly more failures than EX animals selectively in block 1 (Pϭ0.014) (Fig. 1G) .
Overall, animals that exercised made fewer errors than sedentary animals across training. Notably, across all treatment groups, a 1-week delay between exercise and cognitive training resulted in accelerated acquisition of the RWM task.
Exercised animals show better retention in the probe trial
To assess the strength of the memory for the escape platform location (e.g., the target arm), a 60 s probe trial was administered on day 4 of behavioral testing, in the absence of the escape platform. Repeated measures ANOVA across all maze arm options (target, adjacent, diagonal, opposite) revealed a significant preference for the target arm across groups (F(3,3)ϭ99.648, PϽ0.0001) (Fig. 1H) , with a trend for a group effect (F(3,41)ϭ2.3, Pϭ0.092), and an interaction between maze arm and group (F(3,9)ϭ1.988, Pϭ0.046). In addition, there was a tendency for all three exercise groups to spend a greater percentage of time searching in the target arm, compared with the percentage of time spent by the SED group. Of all the groups, the EX group spent the greatest proportion of time in the target arm (Fig. 1H) . The EX group spent Fig. 1 . Exercise effects on acquisition and retention of the radial water maze. Latency and errors by day (A, D) or by blocks of five trials (B, C, E, F) after 3 wk of voluntary wheel running exercise with no delay (EX), a 1-wk delay (EX/delay-1) or a 2-wk delay (EX/delay-2) between exercise and cognitive training. Latency or errors by day (averaged over two blocks of five trials per day) reveals that animals with exercise exposure learn the task faster than sedentary animals (A, D). Latency and errors by block of five trials (B, E) reveals that EX and SED groups have similar latencies to find the platform (B) while the EX group ultimately makes fewer errors on block 6 (E). Latency and errors by block of five trials (C, F) reveals that fastest acquisition was observed when a 1-wk delay was introduced between exercise and cognitive training while after 2 wk delay, acquisition speed was intermediate between the performance of SED and EX/Delay-1 groups. Failure to find the escape platform was more frequent in SED than EX animals in block 1 of training (G). Probe trial performance reveals that all animals learned the task, spending more time in the target arm where the platform had been located, relative to the other maze arms (H). Exercised animals showed greater preference for the target arm relative to SED animals, with strongest memory in animals with no delay between exercise and cognitive training. Percentage of time in each arm was calculated as the ratio of "time in arm" divided by "time spent in all arms." All data are averagesϮsem. (SED vs significantly more time in the target arm than did the SED group (Pϭ0.013), while there was no significant difference in the percentage time spent in the target arm between EX versus EX/Delay-1 (Pϭ0.44) or versus EX/Delay-2 (Pϭ 0.478) (Fig. 1H) . While there was no significant difference between the three exercise groups, the effect size was greatest in animals with no delay before cognitive testing (47.9%) and was somewhat smaller after a delay of 1 week (30.8%) or 2 weeks (31.4%). Retrospective power analysis indicates that the difference in time spent in the target arm (between EX vs. EX/delay-1 and EX/delay-2) would likely be significant with increased sample sizes of ϳ35 animals/ group. These data suggest that the recency of the exercise stimulus impacts the strength of retention/recall. Overall, consistent with the trends shown for superior acquisition (e.g., fewer errors and shorter latency) of the RWM task by exercising animals, exercised animals also showed enhanced memory for the location of the escape platform.
BDNF protein remains elevated after exercise ends
We next investigated how exercise and subsequent delays after exercise affect availability of BDNF protein in the hippocampus, because BDNF is thought to be a central molecule involved in hippocampal-dependent learning, and because BDNF availability is increased following exercise. BDNF protein levels were evaluated in a new set of SED, EX, EX/delay-1, and EX/delay-2 animals that had not undergone cognitive training in the RWM, as cognitive training itself also modulates BDNF availability. In addition, for a more complete timecourse of BDNF protein stability after exercise, BDNF protein was additionally evaluated at 3 and 4 weeks delay after the end of exercise.
Comparison of BDNF protein levels across groups revealed significant differences between groups (F(5,60)ϭ 12.032, PϽ0.0001). Post-hoc analysis revealed that BDNF levels were significantly elevated over sedentary levels ( Fig. 2A) in the EX (188% of SED levels, PϽ0.0001) and EX/delay-1 (137% of SED levels, Pϭ0.031) groups, with a trend toward significance in the SED versus EX/delay-2 comparison (133% of SED levels, Pϭ0.075). BDNF protein was no longer significantly elevated at 3 and 4 weeks after the end of exercise (respectively, 109% and 103% of SED levels). Thus, while BDNF protein remained elevated for some time after exercise ended, BDNF was not maintained at the same level of induction as seen immediately at the end of the 3-week exercise period. BDNF levels were significantly reduced from peak levels already at 1-week after the end of exercise (Pϭ0.008) and at all longer timepoints (2 weeks, Pϭ0.007; 3 and 4 weeks, PϽ0.0001) (Fig. 2A) . Fig. 2 . BDNF protein levels are elevated after 3 wk of exercise, progressively decline after exercise ends, and correlate with performance in the radial water maze. While reduced from peak levels at the end of exercise, BDNF protein levels remain elevated over sedentary levels for several weeks after exercise has ended (A). Regression analysis reveals that higher BDNF protein levels correlate with better "improvement scores" (errors (block 1) Ϫerrors (block 6) ) (B) and with longer time searching in the target arm in the memory probe trial on day 4 (C). Log curves were fitted to the regression data. Values shown are averagesϮsem (significance vs. SED: * PՅ0.05, *** PՅ0.0001, # Pϭ0.075).
BDNF protein and relation to cognitive performance
The timepoints at which BDNF protein was measured in this second set of animals, for example, immediately after the end of exercise and after 1 and 2 weeks delay, corresponded to the timepoints where cognitive testing was initiated in the first group of animals. We next evaluated how BDNF availability at the onset of cognitive testing correlated with improvement across training days and performance in the memory probe trial on day 4. Log regression lines were fit to the data points, revealing a strong relationships between BDNF levels and improvement score over days (errors (day 1) Ϫerrors (day 3) ) (r(4)ϭ.948, Pϭ0.05) or blocks (errors (block 1) Ϫerrors (block 6) ) (r(4)ϭ. 921, Pϭ0.0789) (Fig. 2B) , and between BDNF availability with preference for the target arm in the probe trial on day 4 of testing (r(4)ϭ.97, Pϭ0.02) (Fig. 2C) . Interestingly, for the relation between BDNF protein level and improvement score (by blocks), the improvement score showed a steep response to small increases in BDNF (e.g., in the range of 100 -140% of sedentary BDNF levels), and then appeared to flatten out with more elevated BDNF levels (Fig. 2B ), suggestive of a ceiling effect. Indeed, the mathematical model best fitting to the data is a second-degree polynomial, yielding a correlation coefficient rϭ1, significant at Pϭ0.0038. Overall, these data suggest that BDNF availability at the onset of cognitive testing is related to the overall acquisition of a new cognitive task, and may be particularly important in determining the strength of recall in memory probe trials.
DISCUSSION
This study investigated in mice if voluntary exercise experience influenced the acquisition of the RWM, a hippocampal-dependent cognitive task, and if the effects of exercise on cognitive performance were altered by the introduction of a delay period between the end of exercise and cognitive training. In parallel, hippocampal BDNF protein levels were assessed to evaluate the time-course of stability of exercise-induced BDNF after exercise has ended, and to assess the relationship between BDNF level and cognitive task.
Exercise and subsequent delays improve cognitive performance
Overall, all exercised groups showed improved performance on the RWM relative to sedentary animals, with faster acquisition as well as stronger memory performance during the probe trial. Unexpectedly, introduction of a delay between exercise and cognitive training improved acquisition of the task over the benefits observed when cognitive training occurred immediately after the 3-week exercise exposure. This effect was particularly notable in animals with a 1-week delay between exercise and cognitive training, which showed the fastest acquisition rate of all groups, although all exercised groups reached the same performance criteria on day 3 of training. Consistent with the trends for superior task acquisition by exercising animals, exercised animals also showed enhanced memory for the location of the escape platform relative to sedentary animals, with slight weakening of the memory in animals that had a delay between exercise and cognitive training. These results demonstrate that the cognitive benefits of exercise endure for several weeks after exercise has ended, and further suggest that beneficial effects of exercise on brain plasticity continue to evolve for a time after exercise has ended, with potentially different benefits for acquisition/consolidation versus memory/retrieval. It should be noted that the EX group had continued access to running wheels during cognitive testing, in order to avoid potentially introducing stress associated with a changed environment immediately prior to cognitive testing. It is possible that concurrent exercise in the cognitive testing period could have produced some acute effects on cognition, which slowed task acquisition but resulted in stronger memory performance in these animals.
Effects of exercise on synaptic molecular pathways have a temporal dependence
It is well established that exercise is a powerful stimulus that regulates numerous molecular and signaling endpoints in the brain, providing multiple pathways by which exercise can modulate cognitive function and brain health Molteni et al., 2002; Ding et al., 2006b; Cotman et al., 2007; Opii et al., 2008; Stranahan et al., 2008) . Investigation of the response of plasticity-related genes in the hippocampus has revealed various temporal patterns of gene induction in response to exercise Molteni et al., 2002) . For example, while CREB and CaMKII gene expression is already induced by 3 days of exercise, induction of MAPKI and MAPKII gene expression is slower, rising significantly only after 7 days of exercise (Molteni et al., 2002) . In parallel, CREB phosphorylation and activation by exercise is rapid (already after 1 day of exercise) while activation of MAPK signaling is delayed relative to CREB, but remains detectable longer, even after 1 month of exercise ). Similar to the temporal pattern of gene induction in response to exercise, our data reveal that a time-dependent pattern of molecular response is present after exercise ends. We demonstrate in mice that BDNF protein shows robust upregulation at the end of the exercise period, then declines somewhat but remains elevated over sedentary levels for several weeks, and eventually returns to baseline levels 3-4 weeks after exercise ends. These data are in agreement with our previous findings in rats that BDNF protein remains elevated after exercise ends (Berchtold et al., 2005) . Emerging data strongly indicate that BDNF is a major player in the mechanisms governing the dynamics of memory formation and storage (reviewed in; Bekinschtein et al., 2008a) . It is possible that the modest decline in BDNF availability at 1 and 2 weeks after exercise is related to the somewhat smaller effect size in the probe trial performance for "delay" animals, relative to animals that underwent cognitive training when BDNF was at peak levels. Indeed, the pattern of BDNF availability at the onset of cognitive testing across the four treatment groups corresponded closely to the improvement in per-formance across acquisition days well as performance in the memory probe trial on the last day of cognitive testing. These data suggest that BDNF availability at the onset of cognitive testing is related to acquisition of a new cognitive task and may be particularly important in determining the strength of recall in memory probe trials.
In addition to BDNF, it is probable that other molecules and signaling pathways regulated in the hippocampus by exercise undergo distinct temporal patterns of decay after exercise ends. Little is known about the post-exercise stability of endpoints other than BDNF. It has previously been reported that hippocampal BDNF and nerve growth factor (NGF) protein levels are below control levels 6 weeks after exercise has ended (8 weeks swimming, 5ϫ/wk) (Radak et al., 2006) , and that exercise-dependent stimulation of neurogenesis has ceased 3 weeks after exercise has ended (Kitamura et al., 2003) , but more detailed timecourses of these endpoints have not been assessed. Because BDNF may play a role in exercise-dependent effects on genesis and survival of new neurons in the hippocampus, it will be of interest to determine how rapidly exercise effects on neurogenesis decline after exercise ends. In addition, because enhanced neurogenesis may be involved in exercise benefits to cognition, it will be of interest to evaluate how the timecourse of decay for neurogenesis correlates with exercise effects on different aspects of cognition. While the current study did not investigate neurogenesis, the profile of decay for neurogenesis will need to be defined in future studies in order to address these important questions. Overall, it is likely that the profiles of decay of the various endpoints regulated by exercise define the relative cognitive gains that persist after exercise ends, such as the greater benefits to acquisition than to recall observed in this study.
Benefits of a delay may differentially affect mechanisms for acquisition/consolidation versus recall
A recent concept emerging from the learning and memory field is that different molecular mechanisms mediate the acquisition, consolidation, storage and recall phases of cognition. For example, CREB activity is essential to consolidation of learning, but not to recall (Guzowski and McGaugh, 1997) . Interestingly, enabling plasticity mechanisms involved in acquisition may actively interfere with recall, as suggested by a recent study demonstrating that chronic enhancement of hippocampal CREB activity interfered with the retrieval of spatial information (Viosca et al., 2009) . In addition to CREB, BDNF is implicated as a critical factor in multiple phases of cognition, including acquisition, memory consolidation/storage, and memory retrieval, based on multiple studies where BDNF availability or signaling were blocked, via hippocampal or ventricular infusion of antisense oligonucleotides to BDNF or function blocking antibodies (Mizuno et al., 2000; Bekinschtein et al., 2008a,b; Slipczuk et al., 2009) .
The concept that different molecular mechanisms have unique contributions to the various phases of cognition has also been observed in studies assessing signaling mechanisms mediating exercise benefits to cognition. For example, blocking hippocampal insulin-like growth factor (IGF) signaling during exercise has no detrimental effect on post-exercise acquisition of the morris water maze (MWM), but prevents exercise-enhancement of recall in the probe trial (Ding et al., 2006a) . In contrast, blocking hippocampal BDNF signaling during exercise impairs both post-exercise acquisition as well as recall in this same task (Vaynman et al., 2004) . Interestingly, blocking hippocampal CaMKII signaling during exercise actually results in faster MWM task acquisition than normally seen with exercise, but prevents the exercise-dependent improvement in recall in the probe trial (Vaynman et al., 2007) . As the field evolves, additional molecules and signaling pathways with unique roles in specific phases of learning and memory and exercise-enhancement of cognition will undoubtedly be discovered.
The emerging evidence that different phases of learning and memory have different molecular events associated with them may help explain the phenomenon we observed in this study. Namely, introducing a delay between exercise and cognitive training preferentially facilitated acquisition of the RWM task beyond the improvement normally seen with exercise, but did not further improve memory performance in the probe trial. These data suggest that the molecular mechanisms associated with acquisition and recall evolve differently during the delay period. Plasticity mechanisms important in acquisition/consolidation appear to undergo a potential maturing and optimization in the delay period after exercise, while the mechanisms important in modulating the strength of recall are relatively unaffected, or undergo a slight decay.
Introduction of a delay between exercise and cognitive testing unveils new concepts in the exercise-learning field
Assessment of the effects of exercise on cognitive function with a delay after exercise is a novel approach that has not previously been described in the literature. Importantly, this approach introduces new concepts into the exercise-learning field, in particular with respect to the benefits of exercise on different aspects of cognitive function and how plasticity mechanisms activated by exercise evolve after exercise ends. Further, the concept that plasticity mechanisms evolve after exercise ends and can preferentially enhance unique aspects of memory formation is particularly exciting, given the accumulating evidence that molecular events taking place hours or days after learning are proving to be critical in memory storage/retrieval. It will be important to next elucidate how the various genes and molecular pathways regulated by exercise respond temporally after exercise ends, to define their relationship to exerciseenhancement of cognition, and in particular, to determine the roles of each signaling system in the different phases of learning and memory. Ultimately, application of this approach provides the opportunity to investigate the temporal windows of the effects of exercise on brain function at the behavioral, cellular, and molecular levels.
